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ABSTRACT 
A c i r c u i t  t o  con t ro l  charge c u r r e n t  e n t e r i n g  
nickel-cadmium c e l l s  with c o n t r o l . e l e c t r o d e s  
(" three- terminal"  cells)  has been developed by MEL 
f o r  use i n  systems r equ i r ing  minimum space and 
weight w i th  optimum con t ro l .  The p o t e n t i a l  on the  
t h i r d  (cont ro l )  e l ec t rode  of a c e l l  becomes inpu t  
t o  determine t i m e  and manner of charge-current  
change. P resen t ly  a labora tory  ins t rument ,  t h i s  
c i r c u i t  i s  later t o  be adapted t o  s a t e l l i t e  app l i -  
c a t i o n s .  
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1 
CHARGE -CURRENT CONTROL CIRCUIT FOR 
NICKEL-CADMIUM CELLS WITH CONTROL ELECTRODES 
1.0 INTRODUCTION 
1.1 Background. The charge-current  c o n t r o l  c i r c u i t  f o r  nickel-cadmium 
c e l l s  wi th  c o n t r o l  e l e c t r o d e s  (" three- terminal"  cells)  was designed t o  
meet the  requirements  of t h i s  l a t e s t  development i n  secondary cells. 
the  p a s t  automatic  charging of nickel-cadmium cel ls  t o  a nominal 100 
pe rcen t  of t h e i r  r a t e d  ct ipaci ty ,  then ho ld ing  them i n  t h i s  cond i t ion  wi th  
a t r i c k l e  charge u n t i l  needed, was ve ry  d i f f i c u l t .  Thei r  e a s i l y  measured 
t e rmina l  vo l t age  could not  be used as an  i n d i c a t i n g  s i g n a l  f o r  c o n t r o l  
c i r c u i t r y ,  s i n c e  it i s  r e l a t i v e l y  f l a t  throughout t he  normal range of 
ce l l - cha rge  cond i t ions .  
t o  perform t h i s  t a s k ,  bu t  it s t i l l  d id  not  provide  good charge-cur ren t  
c o n t r o l .  Undercharging the  ce l l s  r e s u l t e d  i n  reduced c a p a b i l i t y ,  and 
overcharging r e s u l t e d  i n  danger of explos ion  due t o  gas  gene ra t ion  i n  
t h e  cells .  The p o s s i b i l i t y  of inconsistent c o n t r o l  i s  a decided d i s -  
advantage i n  sa te l l i t e  a p p l i c a t i o n s  where a l l  systems must be optimized 
because of t h e  weight and space problem. 
I n  
Ex t rao rd ina r i ly  complex c i r c u i t r y  h a s  been used 
1.2 Problem. Recent ly ,  nickel-cadmium ce l l s  have been developed wi th  a 
t h i r d  e l e c t r o d e  whose p o t e n t i a l  (with r e s p e c t  t o  the  nega t ive  c e l l  termi- 
n a l )  is a d i r e c t  func t ion  of the number of oxygen molecules i n  t h e  cel l .  
When a nickel-cadmium c e l l  is  being charged,  i t  gene ra t e s  oxygen ve ry  
s lowly u n t i l  i t  n e a r s  i t s  r a t e d  maximum charge cond i t ion ,  when suddenly 
the  amount of oxygen generated i n t e r n a l l y  increases r a p i d l y .  The i n -  
c r e a s i n g  number& of oxygen molecules impinging on t h e  t h i r d  e l e c t r o d e  
produce a f a s t  r i s i n g  p o t e n t i a l  there .  
The charge-cur ren t  c o n t r o l  c i r c u i t  desc r ibed  h e r e  u t i l i z e s  t h i s  
p o t e n t i a l  from each c e l l  i n  a group o r  b a t t e r y  t o  determine when and 
how much charge c u r r e n t  i s  requi red  t o  o b t a i n  optimum ce l l - cha rge  con- 
d i t i o n .  This  c i r c u i t  iS designcd t o  monttor  t h e  th i rd - the rmina l  po- 
t e n t i a l  of each ce l l  i n  a group of f i v e  wh i l e  t hey  are be ing  charged. 
A s  t h e  t h i r d - t e r m i n a l  p o t e n t i a l  rises above a set va lue  i n  any one of 
t h e  ce l l s  i n  t h e  group,  t h e  c i r c u i t  begins  reducing  t h e  charge c u r r e n t  
t o  the series group of cells, 80 t h a t  when the t h i r d - t e r m i n a l  p o t e n t i a l  
of any c e l l  reaches  a predetermined maximum, t h e  charge c u r r e n t  w i l l  
have been reduced t o  a p r e s e t  t r i c k l e  charge o r  t o  zero.  
A d e t a i l e d  d e s c r i p t i o n  of the ope ra t ion  of t h i s  c o n t r o l  c i r c u i t  i s  
inc luded  i n  Appendix A;  a b lock  diagram of s u b c i r c u i t  func t ions  i s  s h k  
i n  F igure  1 and a complete c i r c u i t  diagram i n  F igure  l - A .  I n  i t s  p resen t  
form it is f o r  l a b o r a t o r y  use  only,  and wi th  a d d i t i o n a l  d e t e c t o r e  i t  w i l l  
accommodate v i r t u a l l y  any number of cells. 
tempera ture  compensated and otherwise adapted t o  s a t e l l i t e  a p p l i c a t i o n s  
where wide tempera ture  v a r i a t i o n s  are encountered.  
I n  t h e  f u t u r e  it w i l l  be 
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2 . 0  J3JNCTIONAL C I R C U I T  DESCRIPTION 
The con t ro l  c i r c u i t  shown i n  block diagram form, Figure 1, w a s  de- 
signed f o r  use wi th  the two forms of t h ree - t e rmina l  cells p r e s e n t l y  
manufactured. The c h a r a c t e r i s t i c s  of the  th i rd - t e rmina l  p o t e n t i a l  of 
t hese  two types of c e l l s  are not  the same. For c i r c u i t - d e s i g n  purposes,  
t he  ch ief  d i f f e r e n c e  i s  t h a t  the th i rd - t e rmina l  p o t e n t i a l  of t he  Type B 
c e l l  does not begin inc reas ing  a t  the  same ce l l -charged  s t a t e ,  and does 
not  increase  a t  the  same ra te ,  as t h a t  of t he  Type A cel ls .  This  means 
t h a t  the  c i r c u i t  must have two modes of ope ra t ion ,  one f o r  each type of 
ce l l .  A s e l e c t o r  switch provides  the choice of these  two modes. I n  
e i t h e r  mode of opera t ion ,  both types of ce l l s ,  a f t e r  t he  charge cu r ren t  
has  been reduced t o  t r i ck le -cha rge  l e v e l ,  should have been charged t o  
approximately 110 percent  of t h e i r  capac i ty .  
2 . 1  Subc i r cu i t s .  The c i r c u i t  c o n s i s t s  of f i v e  s u b c i r c u i t s  o r  s e c t i o n s  
(see Figure  1): a d e t e c t o r  s ec t ion  conta in ing  a d e t e c t o r  f o r  each c e l l ;  
a square wave gene ra to r ;  a cu r ren t  c o n t r o l  s e c t i o n ;  a t i m e  de lay  s e c t i o n ;  
and a power supply. The b a s i c  concept of t he  opera t ion  of t he  d e t e c t o r s  
and the  v e r s a t i l i t y  of t h e i r  operat ing condi t ions  are descr ibed  i n  
Appendix B. 
0 Each d e t e c t o r  samples t h e  th i rd - t e rmina l  p o t e n t i a l  of i t s  ce l l  
500 times a second and t r a n s l a t e s  t h i s  information t o  a d-c* l e v e l .  
0 The square wave genera tor  provides  the sampling s i g n a l  u t i l i z e d  
by the d e t e c t o r  s ec t ion .  
0 The cu r ren t - con t ro l  s ec t ion  uses  the  d-c  l e v e l  from the  d e t e c t o r s  
t o  decrease t h e  b a t t e r y  charging cu r ren t  from f u l l  charge t o  a t r i c k l e  
charge,  as  a c e l l ' s  t h i rd - t e rmina l  p o t e n t i a l  increases .  This  i s  
accomplished by a series c o n t r o l  element. The charge cu r ren t  being con- 
t r o l l e d  i s  der ived  from an e x t e r n a l  supply.  
0 The t i m e  de lay  s e c t i o n ,  when used,  causes  the i n i t i a l  decrease 
i n  charging cu r ren t  t o  be delayed by 5 minutes a f t e r  a c e l l ' s  t h i r d -  
te rmina l  p o t e n t i a l  reaches the  level which would normally cause t h e  
charge c u r r e n t  t o  begin decreasing.  The h ighes t  t h i r d - t e r m i n a l  p o t e n t i a l  
i n  t h e  group governs the  charging rate of the  group. 
0 The power supply converts  115-vo l tY  60-cycle l i n e  vo l t age  t o  a 
d-c  b i a s  vo l t age  f o r  use by the other  c i r c u i t  s e c t i o n s .  
*Abbreviations used i n  t h i s  text a r e  from the  GPO S t y l e  Manual, 1959, 
u n l e s s  otherwise noted. 
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2.2 The A Mode. When used wi th  the ce l l s  from Company A ( s e l e c t o r  switch 
i n  P o s i t i o n  A )  the  c i r c u i t  admits  a fu l l - cha rge  c u r r e n t  i n t o  the f i v e  
c e l l s  when they a r e  i n  a discharged s ta te .  As any one ce l l  nea r s  i t s  
f u l l y  charged condi t ion ,  i t s  th i rd - t e rmina l  p o t e n t i a l  begins  t o  inc rease  
from zero.  When t h i s  p o t e n t i a l  reaches  approximately 125 m i l l i v o l t s  (mv), 
t he  charge-control  s e c t i o n  of the c i r c u i t  begins  t o  decrease  the  charging 
cu r ren t  i n t o  the  cel ls .  As any c e l l ' s  t h i r d - t e r m i n a l  p o t e n t i a l  i nc reases  
above 125 mv, the  charging cu r ren t  decreases  l i n e a r l y ;  t he  c u r r e n t  i s  
reduced t o  a t r i c k l e  charge when t h e  th i rd - t e rmina l  p o t e n t i a l  of any c e l l  
has  reached 250 mv. The c i r c u i t  w i l l  remain i n  t h i s  t r i ck le -cha rge  con- 
d i t i o n  as long as a th i rd - t e rmina l  p o t e n t i a l  remains above 250 mv un le s s  
the  cel ls  a r e  manually disconnected. I f  a l l  t h i rd - t e rmina l  p o t e n t i a l s  
f a l l  below 250 mv, the  charge cu r ren t  w i l l  i nc rease  l i n e a r l y  and aga in  
be con t ro l l ed  by t h e  h ighes t  t h i rd - t e rmina l  p o t e n t i a l .  
2.3 The B Mode. With the  s e l e c t o r  switch i n  the  B p o s i t i o n ,  the c i r c u i t  
w i l l  a l low a fu l l - cha rge  cu r ren t  i n t o  the  f i v e  discharged cells.  How- 
e v e r ,  i n  t h i s  mode, when the  th i rd - t e rmina l  p o t e n t i a l  of any c e l l  
i nc reases  t o  125 m v ,  a 5-minute time de lay  i s  i n i t i a t e d .  For the next  
5 minutes ,  a fu l l - cha rge  cu r ren t  w i l l  cont inue i n t o  the  cells ,  r e g a r d l e s s  
of t he  condi t ion  of t h e i r  t h i rd - t e rmina l  p o t e n t i a l s .  A t  the  end of 5 
minutes,  con t ro l  of the charging cu r ren t  w i l l  be re turned  t o  the  c e l l  
wi th  the  h ighes t  t h i rd - t e rmina l  p o t e n t i a l .  I f  t h i s  p o t e n t i a l  i s  s t i l l  
125 m v ,  the  fu l l - cha rge  cu r ren t  w i l l  cont inue ;  i f  i t  i s  between 125 and 
250 m v ,  t he  charging c u r r e n t  w i l l  decrease t o  a va lue  p ropor t iona l  t o  
i t ;  i f  it i s  above 250 mv,  the  charging c u r r e n t  w i l l  immediately reduce 
t o  i t s  t r i ck le -cha rge  l e v e l .  That i s ,  a t  the  end of t he  5-minute t i m e  
de l ay ,  the  opera t ion  of the  c i r c u i t  i n  the B mode i s  i d e n t i c a l  t o  the  A 
mode wi th  r e spec t  t o  the  th i rd - t e rmina l  p o t e n t i a l s .  
3.0 CONCLUSION 
The p r o j e c t  t o  develop t h e  charge-current  c o n t r o l  c i r c u i t  f o r  
nickel-cadmium cells wi th  c o n t r o l  e l e c t r o d e s  ( th ree - t e rmina l  c e l l s )  as 
a l abora to ry  instrument has  been concluded and two pro to types  de l ive red  
t o  NASA - Goddard Space F l i g h t  Center ,  Code 636.2. Operat ing tests 
have shown t h a t  the c i r c u i t  performs r e l i a b l y  i n  both modes as intended.  
4.0 FUTURE DEVELOPMENT 
The c i r c u i t  descr ibed  i n  t h i s  r e p o r t  c o n t r o l s  the  ce l l - cha rge  
cu r ren t  with a series element.  I n  the  f u t u r e  a shunt  form of cu r ren t  
c o n t r o l  w i l l  be  developed f o r  use with d e t e c t o r  and a m p l i f i e r  s e c t i o n s  
similar t o  those descr ibed he re .  Both forms of t h i s  c i r c u i t  w i l l  
even tua l ly  be temperature compensated, i f  needed, f o r  ope ra t ion  i n  t h e  
range of -10 t o  +50 C y  and w i l l  be modified t o  d e r i v e  t h e i r  b i a s  
vo l t ages  from the  ce l l s  under c o n t r o l  r a t h e r  than  from a s e p a r a t e  power 
supply.  With these  changes, the charge-cur ren t  c o n t r o l  c i r c u i t  w i l l  be 
s u i t a b l e  f o r  s a t e l l i t e  a p p l i c a t i o n s .  The s p e c i f i c  a p p l i c a t i o n  w i l l  
determine whether a series or  shunt  c o n t r o l  w i l l  be r equ i r ed .  
4 
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Appendix A 
Circuit Description of Charge-Current Control Circuit 
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This appendix r e f e r s  t o  Figure A - 1  and d e s c r i b e s  t h e  stage-by- 
s t a g e  ope ra t ion  and adjustments  i n  t h e  main po r t ions  of the  charge- 
c u r r e n t  c o n t r o l  c i r c u i t  f o r  th ree- te rmina l  nickel-cadmium c e l l s .  
The power supply c o n s i s t s  of a s tandard  br idge  r e c t i f i e r ,  f i l t e r ,  
and series vo l t age  r e g u l a t o r .  It conta ins  Qlo and Q l l ,  D 
R23 through R29, Cg, L1, and T3. It converts  115 v o l t s  - 10 pe rcen t ,  
60-cycle ac t o  10 v o l t s  dc ? 1 percent  r egu la t ed  f o r  a load v a r i a t i o n  of 
100 percent .  
? through D15y 
The d r i v e  f l i p - f l o p  i s  a s tandard type.  
D 7 ,  R10 through R13, C3, and C 4 .  
square wave t o  the  d e t e c t o r s  as a sampling s i g n a l .  
It c o n s i s t s  of Q5 and Q6, 
It provides  a 500-cycle,  & v o l t  p o s i t i v e  
Each d e t e c t o r  c o n s i s t s  of 44, D4 through D6, %, R 8 ,  C2, and T i .  
R e s i s t o r  Rg i s  a 47-ohm leakage r e s i s t o r  from the  t h i r d  te rmina l  t o  the  
nega t ive  te rmina l  of each c e l l  as s p e c i f i e d  by NASA. I f  a c e l l  i s  i n  a 
discharged cond i t ion ,  i t s  th i rd - t e rmina l  p o t e n t i a l  i s  v i r t u a l l y  zero ;  
thus ,  no dc flows through Dg, Rg, and t h c  d-c s i d e  of TI. For the  square 
wave sampling s i g n a l  i n  the a-c s i d e  of Ti, t h i s  pa th  appears  as a h igh  
impedance. Therefore ,  the  energy of the  square wave i s  s to red  i n  C2, 
s i n c e  the  pa th  through D5 and C2 i s  a lower impedance. This a l lows C2 
t o  main ta in  a d-c vo l t age  l e v e l  s u f f i c i e n t  t o  b i a s  44 on i n  a near  
s a t u r a t i o n  s ta te .  As t he  nickel-cadmium c e l l  charges  up, i t s  t h i r d -  
te rmina l  p o t e n t i a l  i nc reases ,  thus a l lowing  a low d-c c u r r e n t  t o  flow 
through D6, Rg, and the  d-c s i d e  of Ti. A s  t h i s  c u r r e n t  i nc reases  (with 
an inc reas ing  th i rd - t e rmina l  p o t e n t i a l ) ,  t he  dynamic impedance of Diode 
D6 decreases ,  thus  lowering i t s  r e f l e c t e d  impedance as seen by t h e  square 
wave. As t h i s  impedance decreases ,  more energy i s  d i s s i p a t e d  through T i  
and less i s  s to red  i n  C2. This w i l l  lower the  d-c vo l t age  maintained by 
C2 and w i l l  cause Q4 t o  t r a v e l  through i t s  a c t i v e  reg ion  toward c u t o f f .  
When 44  i s  near  s a t u r a t i o n ,  i t s  c o l l e c t o r  vo l t age  i s  he ld  a t  less than 1 
v o l t ,  bu t  as it moves through the  a c t i v e  reg ion  toward c u t o f f ,  i t s  
c o l l e c t o r  vo l t age  inc reases  from less than 1 v o l t  toward a maximum of 10 
v o l t s  ( t h e  b i a s  supply) .  With Diodes D4 of the  f i v e  d e t e c t o r s  connected 
a t  t h e i r  cathodes,  they act  a s  an OR c i r c u i t ,  meaning t h a t  t he  h ighes t  
anode vo l t age  i s  t h e  vo l t age  which appears  a t  t h e  cathode connect ion of 
t h e  d iodes .  Therefore ,  t h i s  i s  t h e - d - c  output  l e v e l  of the d e t e c t o r  
s t a g e  . 
The c u r r e n t  c o n t r o l  s t a g e  simply i n v e r t s  a changing d-c vo l t age  l e v e l  
and conver t s  t h i s  t o  a changing d-c c u r r e n t  ou tput  from an  e x t e r n a l  
c u r r e n t  supply.  This s e c t i o n  c o n s i s t s  of Q1 through Q3, Q12, D 1  through 
D 3 ,  R 1  through R5, C 1 ,  SCR1, Si, and S2. With S e l e c t o r  Switch SI i n  t he  
A p o s i t i o n ,  the  t i m e  de lay  s e c t i o n  i s  deac t iva t ed .  A r i s i n g  d e t e c t o r  
ou tpu t  vo l t age  (caused by a th i rd - t e rmina l  p o t e n t i a l  r i s i n g  above 125 mv) 
w i l l  b i a s  the  d a r l i n g t o n  p a i r  Q12 ,  Q3 on from cu to f f  toward s a t u r a t i o n ,  
thus  lowering the  c o l l e c t o r  vo l tage  of 412, Q3. A s  t he  c o l l e c t o r  vo l t age  
of t h e  d a r l i n g t o n  p a i r  decreases ,  t h e  base c u r r e n t  of Q2 i s  decreased,  
t hus  reducing i t s  c o l l e c t o r  cu r ren t .  A decreas ing  c o l l e c t o r  cu r ren t  i n  
42 i s  the  same as a decreas ing  base c u r r e n t  i n  Q 1 .  I f  t he  base  cu r ren t  
A- 1 
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of Q 1  i s  reduced, i t s  c o l l e c t o r  cu r ren t  i s  reduced p ropor t iona te ly ,  thus 
decreas ing  the charging c u r r e n t  from the  e x t e r n a l  supply i n t o  the  f i v e  
nickel-cadmium c e l l s .  This w i l l  be reduced t o  t r i ck le -cha rge  l e v e l  when 
any th i rd - t e rmina l  p o t e n t i a l  reaches 250 mv. 
The time de lay  s e c t i o n  i s  simply a u n i j u n c t i o n - t r a n s i s t o r  t iming 
c i r c u i t  ad jus ted  t o  y i e l d  an output  pu l se  5 minutes a f t e r  being ac t i -  
va ted .  
C 7 ,  Cg ,  T2, SCR2, and SCR3. 
the  10-vol t  supply i s  connected t o  the t ime-delay c i r c u i t ,  bu t  i t  i s  no t  
a c t i v a t e d  u n t i l  SCR2 has been gated "on." Also wi th  S i  i n  t h i s  p o s i t i o n ,  
t he  emitter of Q3 w i l l  no t  be connected t o  ground u n t i l  SCRl has been 
gated "on." When any th i rd - t e rmina l  p o t e n t i a l  reaches 125 mv, the  d e t e c t o r  
ou tput  vo l tage  i s  a t  a l e v e l  s u f f i c i e n t  t o  g a t e  on SCR2, through the  f i e l d  
e f f e c t  t r a n s i s t o r  Qg ,  thus a c t i v a t i n g  t h e  t ime-delay c i r c u i t .  So f a r  i n  
t h i s  B mode, 43 has been unable t o  c o n t r o l  the  remaining p o r t i o n  of the  
c u r r e n t  con t ro l  s e c t i o n ,  s i n c e  i t s  emitter i s  f l o a t i n g .  Therefore ,  t he  
s tanding  b i a s  cond i t ion  on Q2 maintains  the  charging c u r r e n t  a t  f u l l  
charge.  Five minutes a f t e r  t he  a c t i v a t i o n  of the  t i m e  de lay  c i r c u i t ,  i t s  
output  pu l se  through T2 w i l l  g a t e  on SCR1, thus  al lowing the  d e t e c t o r  
ou tput ,  through 412, Q3,  t o  c o n t r o l  t he  va lue  of charging cu r ren t  i n t o  
the  f i v e  c e l l s .  
enabl ing  the  energy s to red  i n  Cg t o  t u r n  o f f  SCR2 and d e a c t i v a t e  the  
t ime-delay c i r c u i t .  
on the  d e t e c t o r  ou tput ,  and i t s  c o n t r o l  w i l l  be t h e  same as t h a t  descr ibed  
above f o r  the A mode. 
It c o n s i s t s  of Q7 through Qg,  Dg, R14 through R21,  R30, C5 through 
With S e l e c t o r  Switch S1 i n  the  B p o s i t i o n ,  
The same pu l se  which gated on SCRl a s l o  gated on SCR3, 
Now the  va lue  of t h e  charging c u r r e n t  w i l l  depend 
There a r e  a number of adjustments  p o s s i b l e  i n  both  t h e  d e t e c t o r  and 
the  c u r r e n t  c o n t r o l  s e c t i o n s .  The va lue  of t he  t h i r d - t e r m i n a l  p o t e n t i a l  
a t  which the  charging cu r ren t  begins  t o  decrease  ( o r  a t  which the  t i m e -  
de lay  c i r c u i t  i s  a c t i v a t e d  i n  the  case of B mode) can be va r i ed  by a d j u s t -  
ing  R7. 
a va lue  g r e a t e r  than 125 mv before  the  charging c u r r e n t  begins  t o  de- 
crease. 
adjustment  i s  made, t he  va lue  of t he  t h i r d - t e r m i n a l p o t e n t i a l  a t  which t h e  
charging cu r ren t  reaches t r i ck le -cha rge  l e v e l  i s  v a r i e d  a l s o ,  w i th  the  
d i f f e r e n c e  between the  two p o t e n t i a l s  remaining e s s e n t i a l l y  the  same. 
The v a r i a b l e  r e s i s t o r ,  R5, i s  included as a c a l i b r a t i o n  adjustment .  It 
i s  gene ra l ly  s e t  when the  c i r c u i t  i s  f i r s t  used t o  account  f o r  any d i f f e r -  
ence i n  t h e  ga in  of Q3 from i t s  des ign  va lue .  It i s  se t  i n  conjunct ion  
wi th  the  i n i t i a l  R7 adjustments  and a f t e rwards  only i f  Q3 i s  eve r  rep laced .  
I t s  va lue  w i l l  be i n  t h e  neighborhood of 50 kilohms. The t r i c k l e - c h a r g e  
va lue  can be va r i ed  from less than 1 t o  g r e a t e r  than  2 amperes by a d j u s t -  
ing  R1. 
decreased and v i c e  ve r sa .  It i s  p o s s i b l e  t o  achieve  a t r i c k l e  charge of 
zero  by minor c i r c u i t  modi f ica t ions .  
S2 i s  depressed. Switch S2 i s  a normally c losed  pushbut ton switch.  
Depressing S2 a i lows  the  t r i c k l e  charge c u r r e n t  t o  be ad jus t ed  wi thout  
any e f f e c t s  from the  res t  of the  c o n t r o l  c i r c u i t r y .  The va lue  of t he  
fu l l - cha rg ing  c u r r e n t  can be v a r i e d  from 5 t o  15 amperes by a d j u s t i n g  R2. 
I n c r e a s i n g  R2 w i l l  decrease  the  f u l l - c h a r g e  c u r r e n t  v a l u e ,  whi le  decreas-  
i n g  R2 w i l l  increase  t h e  fu l l - cha rge  c u r r e n t  va lue .  When t h e  fu l l - cha rge  
Inc reas ing  R7 w i l l  a l low the  t h i r d - t e r m i n a l  p o t e n t i a l  t o  r ise  t o  
Decreasing R7 w i l l  have j u s t  t he  oppos i t e  e f f e c t .  As t h i s  
By increas ing  R1, the  va lue  of the  t r i c k l e  charge w i l l  be 
Adjustments t o  R 1  a r e  made only when 
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c u r r e n t  i s  ad jus ted  wi th  R2, the  cu r ren t  l i m i t  on the  e x t e r n a l  c u r r e n t  
supply should a l s o  be set f o r  t h i s  va lue .  When R2 i s  being ad jus t ed ,  i t  
i s  p r e f e r a b l e  t o  keep Q1 i n  s a tu ra t ion .  I f  R2 i s  ad jus t ed  f o r  t he  
des i r ed  fu l l - cha rge  c u r r e n t ,  and a s  a r e s u l t  t h e  c o l l e c t o r  t o  emitter 
vo l t age  of Q1 becomes g r e a t e r  than 0.4 t o  0.6 v o l t ,  then the  output  
vo l t age  of the  e x t e r n a l  c u r r e n t  supply should be reduced t o  r e t u r n  t o  t h i s  
condi t ion .  This i s  done i n  order  t o  minimize t h e  power d i s s i p a t i o n  i n  
Q 1 -  
The power consumed by the  f u l l  c o n t r o l  c i r c u i t  from the  10-vol t  
b i a s  source i s  250 m i l l i w a t t s ,  being maximum a t  a s e t t i n g  of 2-ampere 
t r i c k l e  charge f o r  a corresponding f u l l  charge of 15 amperes. 
A- 3 
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Parts List for Charge Current Control Circuit 
R1 - lOOK Potentiometer R16 - 51 * 
R2 - 5K Potentiometer R17 - 100 * 
R3 - 5 4 9 ~  R18 - 5 Meg 
RL, - 1.7 Meg Rig - 30 Meg 
R5 - 2 or 5 Meg Potentiometer R20 - 4.7 K 
% -  10K R21 - 19.6 K 
R7 - 20 K Potentiometer R22 - 1 K 
Rg - 4 7 0 ~  
Rg - 47 ,-. Specified by NASA 
R10 - 10 K R25 - 1 K Potentiometer 
R11 - 47 K All resistors R26 - 1 K 
R12 - 47 K 114 watt R27 - 2 K 
R14 - 51e R29 - 510 * 
R15 - 100 K R30 - 100 K 
R23 - 220 * 
R24 - 620 
R13 - 10 K R28 - 3.9 K 
c1 - 1 PF L1 - 2n Choke 
C2 - 10 P~ All capacitors Chicago Standard C-2325 
C3 - .033 PF 10 or Ti - 1 : 1 Transformer (Toroid) 
C4 - .033 PF more Sprague Electric Rllll 
C5 - .033 PF T2 - Interstage Transformer 
c6 - -1 PF U.T.C. DOT-36 
C7 - 10 PF T3 - Filament Transformer 
Cg - 7000 pF - Sprague Electric Knight 6-K-48 HF 
Cg - 10 PF 36D1070T Q1 - 2N2152 (Wakefield Heat Sink NC-421 B) 
C10 - .005 PF 42 - 2N1720 (Wakefield Heat Sink NC-302 M) 
Q3 - 2N1613 
D1 - IN4005 Q4 - 2N338 
D2 - JAN IN457 Q5 - 2N1303 
D3 - IN4005 Qg - 2N1303 
D4 - JAN IN457 Q7 - 2N491 (UJT) 
D5 - JAN IN457 48 - 2N494C (UJT) 
D6 - IN191 Qg - FE - 202 Amelco Semiconductor 
D7 - IN7524 (ZENER) Qlo - 2N335 
D8 - JAN IN457 Qll - 2N1613 (Wakefield Heat Sink NF-213) 
Dg - IN752A ( Z E N E R )  412 - 2N338 
D10 - IN752A (Zener) 
Dll - IN457 
D12 - IN4005 
D13 - IN4005 
D14 - IN4005 
D15 - IN4005 
SCRl - 2N1871 or 2N2324 
SCR2 - 2N2324 
SCR3 - 2N2324 
Si - Dp DT Switch 
S2 - Spring Loaded Push Button 
Switch - normally closed 
Figure l - A  (Cont) 
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Appendix B 
Theory of Diode Detector Operation 
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The c i r c u i t  diagram of a d e t e c t o r  from the  charge-current  c o n t r o l  
c i r c u i t  f o r  nickel-cadmium c e l l s  with c o n t r o l  e l e c t r o d e s  ( th ree - t e rmina l  
c e l l s )  i s  shown i n  F igure  1-B.  The b a s i c  concept which governs the  
ope ra t ion  of t h i s  d e t e c t o r  i s  shown i n  t h e  equ iva len t  c i r c u i t  of t h e  inpu t  
p o r t i o n  of t h i s  d e t e c t o r  i n  Figure 2-B. The v a r i a b l e  impedance, RR, i n  
Figure 2-B i s  the  e f f e c t i v e  impedance of Diode D6 and R e s i s t o r  Rg re- 
f l e c t e d  t o  the  a-c s i d e  of the  1 t o  1 t ransformer ,  T i .  D6 and Rg are 
connected t o  the  d-c s i d e  of T i .  The c h a r a c t e r i s t i c  curve of t he  D6, Rg 
combination i s  shown i n  Figure 3-B. The s lope  of t h i s  curve i s  equal  t o  
the  inve r se  of t h e  impedance of t h i s  D6, Rg combination. It can be seen 
from Figure  3-B t h a t ,  as the  vol tage  ac ross  D6, Rg i nc reases ,  the  c u r r e n t  
through them inc reases  and t h e i r  e f f e c t i v e  impedance decreases .  There- 
f o r e ,  as the  p o t e n t i a l  on the  con t ro l  e l e c t r o d e  ( t h i r d  te rmina l )  in -  
c r e a s e s ,  the  e f f e c t i v e  impedance of Dg, Rg decreases .  The impedance of 
t he  d-c s i d e  of TI remains cons tan t  and i s  small compared t o  the  imped- 
ance of D6, Rg, and i s  t h e r e f o r e  ignored. Now i t  can be seen from 
Figures  1 - B  and 2 - B  t h a t  a r i s i n g  th i rd - t e rmina l  p o t e n t i a l ,  causing a 
reduct ion  i n  the  r e f l e c t e d  impedance, RR, w i l l  decrease  the  power from 
the  square wave genera tor  a v a i l a b l e  t o  t h e  amplifying p o r t i o n  of the  
d e t e c t o r ,  through D5 and C2, by d i s s i p a t i n g  i t  i n  RR. The square wave 
genera tor  and R e s i s t o r  R7 supply a r e l a t i v e l y  cons tan t  c u r r e n t  t o  the  
p a r a l l e l  combination of RR and RA ( t h e  e f f e c t i v e  impedance of t he  inpu t  
t o  t h e  amplifying p o r t i o n  of t he  d e t e c t o r )  and L, t he  a-c  winding of 
Transformer TI. Therefore ,  as RR decreases, i t  w i l l  decrease  the  imped- 
ance of t h i s  p a r a l l e l  combination, and a smaller vo l t age  drop w i l l  
appear  on the  base of 44. 
Mathematically,  t h i s  concept i s  expressed by: 
- vD RD - - 
'D 
where 
RD = e f f e c t i v e  
IR ( e F  qvD - 1) the  diode equat ion  
qVD I R ( e  -- 1) k T  
vRs = v 
impedance of Diode D6 
VD = v o l t a g e  ac ross  D6 
ID = c u r r e n t  through D6 
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IR = sa tu ra t ed  va lue  of r eve r se  cu r ren t  through D6 
q = e l e c t r o n  charge 
k = Boltzmann's cons t an t  
T = absolu te  temperature ,  K 
= vol tage  ac ross  % 
V = thi rd- terminal  p o t e n t i a l  
vR8 
It  i s  e a s i l y  seen t h a t  RR w i l l  decrease  as V i n c r e a s e s ,  s i n c e  e CJVD/KT 
i nc reases  a t  a f a s t e r  ra te  than  VD a lone  as V inc reases .  
t h a t  RR and the combined impedance of D6 and Rg are i d e n t i c a l ,  s i n c e  a n  
impedance can be " r e f l ec t ed"  from one s i d e  of a t ransformer t o  the  o t h e r  
w i th  a m i l t i p l y i n g  f a c t o r  equal  t o  the  t ransformer  t u r n s  r a t i o  ( i n  t h i s  
case ,  1 : 1). This proves t h e  inve r se  dependence of t h e  r e f l e c t e d  imped- 
ance,  RR, on the  c o n t r o l  e l e c t r o d e  ( th i rd - t e rmina l )  p o t e n t i a l  of t he  c e l l  
t o  which t h i s  d e t e c t o r  i s  connected. 
It i s  understood 
Also (from Figure 2-B): 
VG = A[u(t) - u (t-a) + u ( t -2a)  - **.] 
XL 
( R:+RiA) ' 
~~ 
RR RA + xL 
RR + RA 
I MEL Report 25/65 
where 
1~~ = c u r r e n t  i n t o  RA 
V R ~  = vo l t age  ac ross  RA 
RA = e f f e c t i v e  impedance of the inpu t  t o  t h e  amplifying po r t ion  
of the  d e t e c t o r  
XL = impedance of the  a -c  winding of t he  t ransformer ,  T 1  
VG = output  vo l t age  of square wave gene ra to r  
A = amplitude of VG 
u ( t ) ,  u ( t - a )  = time displaced u n i t  s t e p  func t ions  
It i s  ev iden t  t h a t  as RR decreases ,  V R ~  and 1~~ decrease ,  thus reducing 
the  vo l t age  (and hence the  base cu r ren t  of 44) a v a i l a b l e  t o  the  ampli- 
fy ing  p o r t i o n  of the d e t e c t o r .  
I n  the  form descr ibed  he re ,  the e f f e c t i v e  a c t i v e  reg ion  of each '  
d e t e c t o r  i s  a range of t h i rd - t e rmina l  p o t e n t i a l s  from approximately 125 
t o  250 mv; t h i s  i npu t  r equ i r e s  a maximum of 150 p a  from the  t h i r d  termi- 
n a l .  The s t a t i c  i npu t  impedance of each d e t e c t o r  i s  g r e a t e r  than  500 
ohms. The dynamic inpu t  impedance of each d e t e c t o r  a t  a th i rd - t e rmina l  
p o t e n t i a l  of 250 mv i s  1.6 kilohms. 
The i n i t i a l  p o i n t  of t he  a c t i v e  reg ion  ( s e n s i t i v i t y )  of t hese  
d e t e c t o r s  can be va r i ed  from zero up t o  s e v e r a l  hundred v o l t s  by a proper  
choice  of the  d e t e c t o r  d iode ,  D6, and R e s i s t o r  Rg.  Conventional diodes 
o r  s t a b i s t o r s  are used f o r  the low vo l t age  range and Zeners can be used 
f o r  h igh  vo l t ages .  
The width of t he  a c t i v e  region i s  a l s o  a f f e c t e d  s l i g h t l y  by the  
choice  of D6 and Rg, bu t  i n  t h e  main i s  s e t  by the  choice  of Rq and R5 
immediately fol lowing the  d e t e c t o r  ou tputs .  The inpu t  impedance and 
c u r r e n t  requi red  from the  t h i r d  te rmina l  w i l l  va ry  accordingly.  
The f u l l  c o n t r o l  c i r c u i t  descr ibed i n  t h i s  r e p o r t  w a s  designed f o r  
a f i v e - c e l l  pack. However, v i r t u a l l y  any number of c e l l s  can be accommo- 
da ted ,  s i n c e  Transformer TI i n  each d e t e c t o r  a f f o r d s  complete i s o l a t i o n  
between ce l l s  and between each c e l l  and the  c i r c u i t r y  which fol lows i t .  
Also t he  node t o  which a l l  de t ec to r  ou tputs  are connected c o n s t i t u t e s  an  
OR c i r c u i t  which g ives  both con t ro l  l o g i c  and e l e c t r i c a l  i s o l a t i o n  
between i n d i v i d u a l  d e t e c t o r  outputs .  
B- 3 
MEL R e p o r t  25/65 
USN MARINE ENGINEERING LABORATORY 
rn 
A-C 
SIDE 
CONTROL ELECTRODE 
( T H I R D  TERMINAL) 
INPUT 
DETECTOR -- 
c- OUTPUT 
c 2  
0 
F i g u r e  1-B - D e t e c t o r  
GENERATOR L I M I T I N G  
RES ISTOR 
EFFECTIVE IMPEDANCE 
OF INPUT TO AMPLIFYING 
PORTION OF DETECTOR 
( D,,C,, BASE O F  0,) 
F i g u r e  2-B - E q u i v a l e n t  C i r c u i t  of D i o d e  D e t e c t o r  
T I  
Figure  3-B - C h a r a c t e r i s t i c  C u r v e  of D6 ,R8  C o m b i n a t i o n  
U n c l a s s i f i e d  
Securitv Classification 
I .  ORIGINATIN G A C T I V I T Y  (Corporate author) 
U. S .  Navy Marine Engineer ing Laboratory 
Annapolis,  Maryland 21402 
Z a .  R E P O R T  SECURITY C LASSIF ICATION 
U n c l a s s i f i e d  
Z b  GROUP 
I .  REPORT T I T L E  
Charge-Current C o n t r o l  C i r c u i t  f o r  Nickel-Cadmium C e l l s  w i t h  C o n t r o l  
E lec t rodes  
F i n a l  r e p o r t  
Liwski, P .  P .  M. 
I. D E S C R I P T I V E  NOTES (Type of report and inclusive dates) 
i. AUTHOR(S) (Laat name, f i rs t  name, initial) 
A p r i l  1965 
# a .  C O N T R A C T  O R  G R A N T  NO. 
i. R E P O R T  D A T E  17.. T O T A L  NO. OF PAGES 1 7 6 .  NO.  O F  R E F S  
- 11 
98. ORIGINATOR'S R E P O R T  NUMBER(S) 
d. 
b. P R O J E C T  NO. 
61 501 
I 25/65 
11. S U P P L E M E N T A R Y  NOTES 
C. P O R T  NO@) (Any  othernumbere that may be aesi@ed 
12. SPONSORING M I L I T A R Y  A C T I V I T Y  
Nat iona l  Aeronaut ics  and Space Admir 
Greenbel t ,  Maryland 
Q u a l i f i e d  r e q u e s t e r s  may o b t a i n  cop ie s  of t h i s  r e p o r t  from DDC. 
~ ~~ 
13 ABSTRACT 
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